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One of the well established aspects of the development of the central nervous system (CNS) is that
neurogenesis precedes gliogenesis. However, the mechanism underlying this temporal switch between
the two distinct lineages is poorly understood. It is thought that let-7, a heterochronic miRNA, may help
neural stem cells (NSCs) choose between the neuronal and glial lineages. Here, we have tested the
premise in the retina, a simple and accessible CNS model, where neurogliogenic decision takes place
postnatally during late histogenesis. A positive correlation was observed between the temporal induction
of let-7 expression and differentiation of late born neurons and Müller glia (MG), the sole glia generated
by retinal progenitor cells (RPCs). Examination of let-7's involvement in late histogenesis by the per-
turbation of function approaches revealed that let-7 facilitated differentiation of both neurons and MG,
without preference to a particular lineage. We demonstrate that let-7's positive inﬂuence on neuronal
and MG differentiation is likely achieved by inhibiting the expression of Hmga2, the DNA architecture
protein involved in the self-renewal of neural progenitors. Thus, our observations suggest that let-7
promotes differentiation, regardless of the neuronal or glial lineage, shifting the balance from RPCs'
maintenance to their differentiation in the developing retina.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
MicroRNA (miRNA) have emerged as one of the most important
post-transcriptional regulators of gene expression, inﬂuencing a
wide range of cellular processes from the maintenance of stem
cells to the function and metabolic status of differentiated cells
(Iyer et al., 2014; Meza-Sosa et al., 2014). These are 20–24 nu-
cleotides long noncoding anti sense RNAs that predominantly si-
lence the expression of speciﬁc mRNAs either by promoting their
degradation or interfering with their translation (Ebert and Sharp,
2012; Pasquinelli, 2012). Therefore, from the perspective of CNS
development, miRNAs represent an additional regulatory me-
chanism for contextual ﬁne-tuning of gene expression that may be
required for the stage-speciﬁc generation of the complex cellular
diversity. Particularly, miRNAs that have evolutionarily conserved
heterochronic functions may shed light on as to how the shift from
neurogenesis to gliogenesis is coordinated during the develop-
ment of the CNS. The mechanism underlying the neurogliogenic
decision remains poorly understood. let-7, the earliest identiﬁedgy and Visual Science, Uni-
Center 1, Room 4034 985840
ited States.and one of the most abundantly expressed species of miRNAs in
the CNS (Pena et al., 2009; Rehfeld et al., 2015) was discovered in
Coenorhabditis elegans as a heterochronic miRNA, without which
the worms fail to progress from the last larval stage to adult
(Ambros and Horvitz, 1984; Reinhart et al., 2000). Members of the
let-7 family are evolutionarily conserved with 100% identity in the
seed region, indicative of conserved function in facilitating the
“temporal progression of developmental stages” (Rehfeld et al.,
2015). However, attempts to examine its role in the progression of
developmental stages in the CNS, particularly during neuroglio-
genesis, have led to conﬂicting results (Balzer et al., 2010; Patter-
son et al., 2014). For example, the inﬂuence of the heterochronic
protein, Lin28 on the neurogliogenic decision was observed to be
independent of let-7 (Balzer et al., 2010). In contrast, in a different
in vitro model of neurogenesis let-7 alone was observed to instruct
the fate of progenitors along the neuronal versus glial lineage
(Patterson et al., 2014).
Here, we have addressed the controversy regarding let-7's role
in neuronal versus glial differenitation in the vertebrate retina, a
simple and accessible model of the CNS. The retina consists of
seven different cell types that are generated by the multipotential
RPCs in an evolutionarily conserved temporal sequence, spanning
two distinct stages of histogenesis (Young, 1985; Rapaport et al.,
2004). Retinal ganglion cells (RGCs), horizontal cells (HCs), cone
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early histogenesis, and bipolar cells (BCs), MG, and rod photo-
receptors (RPs), the most abundant cell types in rodent retina, are
born during late histogenesis (Young, 1985; Rapaport et al., 2004).
Evidence has emerged that miRNAs are involved in retinal histo-
genesis. For example, a global stage-speciﬁc loss of miRNAs
through Cre-mediated excision of Dicer disrupts retinal develop-
ment. The extent of the developmental abnormality depends upon
the speciﬁc population of RPCs involved, deﬁned by the promoter-
speciﬁc expression of Cre. For example, when Rx or DKK3, both
universally expressed in early RPCs, were used for the Cre-medi-
ated excision of Dicer, microophthalmia accompanied by extensive
cell death ensued (Iida et al. 2011; Pinter and Hindges, 2010). In
contrast, when Dicer was excised later by Cre expression driven by
Chx10 promoter, which is active in RPCs at E14.5 onward, the
phenotype was relatively mild with retinal disorganization (Da-
miani et al., 2008). Recent observations have demonstrated the
involvement of speciﬁc miRNAs, including let-7 in the progression
of RPCs and generation of speciﬁc cell types during development
(Decembrini et al., 2009, La Torre et al., 2013). However, their role
in neurogliogenic decision remains un-explored. We tested the
hypothesis that let-7 regulates the differentiation of RPCs along the
neuronal versus glial lineage during late histogenesis, when late
born neurons and MG are generated. We observed a positive
correlation between the temporal induction of let-7 expression
and differentiation of late born neurons and MG. Examination of
let-7 involvement in late histogenesis by the perturbation of
function approaches revealed that let-7 facilitated differentiation
of both neurons and MG, without preference to a particular line-
age. We demonstrate that let-7's positive inﬂuence on neuronal
and glial differentiation is likely achieved by inhibiting the ex-
pression of Hmga2, the DNA architecture protein involved in the
self-renewal of neural progenitors. Thus, our observations suggest
that let-7 promotes differentiation, regardless of the neuronal or
glial lineage, by regulating RPCs, shifting the balance from their
maintenance to differentiation.2. Materials and methods
This study was approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Nebraska Medical
Center (protocols #95-005-09FC and #97-100-08FC). Animals
were housed in the Department of Comparative Medicine at the
University of Nebraska Medical Center. Timed pregnant Sprague
Dawley rats from SASCO and Charles River Laboratories were used
to carry out all experiments.
2.1. Neurosphere assay
Retinas from embryonic day 18 (E18) rats were dissected and
dissociated as previously described (Parameswaran et al., 2014). To
generate neurospheres, dissociated E18 retinal cells were cultured
for 5 days in RCM (DMEM-F12, N2 supplement, 2 mM L-glutamine,
100 U/ml penicillin, 100 μg/ml streptomycin) and FGF2 (10 ng/ml).
On the ﬁfth day, generated neurospheres were collected and
transferred to Poly-D-Lysine and laminin coated 6-well-plates and
cultured in RCM:E18 conditioned medium (1:1) supplemented
with 2% Knockout Serum (KOS), 1 mM Taurine, 3 μM DAPT,
500 nM retinoic acid, and 15 ng/ml BMP4 for facilitating differ-
entiation. The differentiation was terminated 5 days after plating.
2.2. Viral vectors
The PreMiR-let-7c (PMIRHlet7cPA-1) for let-7 over-expression
with control Pre-000 (PMIRH000PA-1) and miRZip-let-7c(MZIPlet7c-PA-1) for let-7c knockdown with control Zip-000
(MZIP000-PA-1) lentivirus constructs were obtained from System
Biosciences (Mountain View, CA). The backbone of PMIRHlet7cPA-
1 and PMIRH000PA-1 vectors was the dual promoter viral plasmid,
PMIRHxxx-PA-1, in which pre-let-7 and GFP expression was driven
by CMV and EF1 promoters, respectively. The backbone of MZI-
Plet7c-PA-1 and MZIP000-PA-1 vectors was the dual promoter
viral plasmid, MZIPxxx-PA-1, in which let-7 shRNA and GFP ex-
pression was driven by H1 and CMV promoters, respectively. The
Hmga2/Hmga2 siRNA lentivirus constructs are described in Para-
meswaran et al. (2014). Hmga2 (3′UTR DEL)þGFP (Plasmid
#25406) lentivirus constructs were obtained from Addgene. The
backbone of Hmga2 (3′UTR DEL)þGFP vector and GFP control
were the dual promoter viral plasmid, pLentilox RSV, in which
Hmga2 and GFP expression were driven by RSV and CMV pro-
moters, respectively. The mCherry control vector was obtained as
pre-made lentiviral particles from GeneCopoeia (Catalog # LPP-
MCHR-LV105-025); mCherry expression was driven by CMV
promoter.
2.3. Lentivirus preparation and transduction
Lentivirus preparation and transduction were as previously
described (Parameswaran et al., 2012). Brieﬂy, the recombination
lentiviral particles were generated using the ABM lentivirus
packaging system (BC, Canada) through transient transfection of
T293 cells and concentrated using BioVision PEG lentivirus pre-
cipitation kit (Milpitas, CA). Virus titers were determined using
ABM lentivirus titration kit. The retinal dissociates, neurosphere
cells, and explants were transduced with lentiviruses with multi-
plicity of infection (MOI) of 4. The transduction was allowed to
proceed overnight and the virus-containing media was removed
the following morning. The transduction efﬁciency was de-
termined 48 h post-transduction by direct observation and sorting
of GFPþ cells. The perturbation experiments were carried out
three times in triplicates as follows: 10-14 E18 embryos/group (in
vitro perturbation) and 9 retinae/group (ex vivo perturbation).
2.4. Preparation of E18 retinal conditioned medium
Cell dissociates from E18 retinae were plated at a density of
1105 cells/cm2 in RCM with 2% KOS. After 3 days, the E18 con-
ditioned medium was collected, centrifuged to remove ﬂoating
cells, ﬁltered using 0.2 μm ﬁlters, and stored in 80 °C until use.
2.5. Retinal explant culture
The retinal explant cultures were executed as previously de-
scribed (Del Debbio et al., 2010). E18 retinae were placed on a
0.4 μm semi-permeable membrane (Millipore, Temecula, CA),
with the retina ganglion cell (RGC) layer facing upward, and cul-
tured with RCM and 10% fetal bovine serum (FBS). Explants were
cultured for 10 days and then collected for analyses.
2.6. Quantitative Polymerase Chain Reaction
The mRNA and miRNA were isolated from cell and explant
samples using TriZol reagent (Life Technologies, Grand Island, NY)
and the miRCURY RNA isolation kit (Exiqon, Woburn, MA). cDNA
was synthesized from mRNA as previously described (Para-
meswaran et al., 2012) and cDNA from miRNA was synthesized
using miScript II RT kit (Qiagen, Valencia, CA). Transcripts were
ampliﬁed using SYBR green PCR kit (Qiagen, Valencia, CA) with the
RotorGene 600 (Corbett Robotics, San Francisco, CA). Sequences of
transcript-speciﬁc primers are given in Table 1. All qPCR results
measured each sample in triplicate and no-template blanks were
Table 1
List of speciﬁc primers.
Gene Sequence Size(bp) To Accession no.
Atoh7 5′-CAGGACAAGAAGCTGTCCAA-3′ 173 56 AF071223
5′-GGGTCTACCTGGAGCCTAGC-3′
CCND1 5′-ACCCTGACACCAATCTCCTCAAC-3′ 118 56 NM_171992.4
5′-ATGGATGGCACAATCTCCCTCTGC-3′
Hmga2 5′-GAGACCATTGGAGAAAAACGGC-3′ 118 56 NM_032070.1
5′-AATCTTCCTCTGCGGACTCTTGCG-3′
GAPDH 5′-ACAGTCCATGCCATCACTGCC-3′ 266 60 NM_017008
5′-ACAGTCCATGCCATCACTGCC-3′
GFAP 5′-ATCTGGAGAGGAAGGTTGAGTCG-3′ 310 58 NM017009
5′-TGGCGGCGATAGTCATTAGA-3′
Glast 5′-TGCCTCTCCTCTACTTCCTGGTAAC-3′ 164 57 NM_148938.3
5′-TGGTGATGCGTTTGTCCACAC-3′
Imp1 5′-TGGGGTGCGTAGAAAGTTTGCG-3′ 157 60 XM_006247193.2
5′-GTTGAGGTTGCCGATGTAAAGC-3′
Ki67 5′-CAGCAGAAGAATCGTGGGAGAC-3′ 103 54 XM_225460.4
5′-CCTACTTTGGGTGAAGAGGTTGC-3′
Lin28B 5′-GGAAGTGAACGAAGACCTAAAGGG-3′ 152 52 XM_002725881.1
5′-AGACCACCGCAGTTGTAGCATC-3′
mGluR6 5′-CACAGCGTGATTGACTACGAG-3′ 317 56 NM_022920.1
5′-CTCAGGCTCAGTGACACAGTTAG- 3′
NeuroD4 5′-AAACACATCCTCTCCATCTCAAGC-3′ 132 55 NM_001105942.1
5′-AGTTGCCACTAATACTCAGGGGTG-3′
NFL 5′-GCAGGACACAATCAACAAACTGG-3′ 348 56 NM_031783
5′-GCTTTCGTAGCCTCAATGGTCTC-3′
Nrl 5′-TGAGTCCTGATGAGGCTGTGGAAC-3′ 132 57 NM_001106036.2
5′-CTGAAAATCTCTCGGGCAACTG-3′
Pax6 5′-TGGTGGTGTCTTTGTCAACGGG-3′ 180 58 NM_013627
5′-TGGAGCCAGTCTCGTAATACCTGC-3′
Rhodopsin 5′-ATGTTCCTGCTCATCGTGCTGG-3′ 151 57 NM_033441.1
5′-TGGTGGTGAATCCTCCGAAGAC-3′
Rx 5′-ATCCCAAGGAGCAAGGAGAG-3′ 256 58 AF135839
5′-TTCTGGAACCACACCTGGAC-3′
S-opsin 5′-TTCTTGGGCTCTGTAGCAGGTC-3′ 109 54 NM_031015
5′-TGGAGTTGAAGCGGATGTTGC-3′
Sox9 5′-AGAAAGACCACCCCGATTACAAG-3′ 112 56 NM_080403.1
5′-ATGGCGTTAGGAGAGATGTGAGTC-3′
Tlx 5′-TGCGAATCAGCAGCCAGACTTC-3′ 175 55 NM_152229.2
5′-CCAGTAGTGTGTTAGCATCAACCG-3′
miRNA
Universal primer 5′-GAATCGAGCACCAGTTACGC-3′
U6 5′-TGGCCCCTGCGCAAGGATG-3′ 55
let-7a 5′-TGAGGTAGTAGGTTGTATAGTT-3′ 55 MIMAT0000774
let-7b 5′-TGAGGTAGTAGGTTGTGTGGTT-3′ 55 MIMAT0000775
let-7c 5′-TGAGGTAGTAGGTTGTATGGTT-3′ 55 MIMAT0000776
let-7d 5′-AGAGGTAGTAGGTTGCATAGTT-3′ 55 MIMAT0000562
let-7e 5′-TGAGGTAGGAGGTTGTATAGTT-3′ 55 MIMAT0000777
let-7f 5′-TGAGGTAGTAGATTGTATAGTT-3′ 55 MIMAT0000778
let-7g 5′-TGAGGTAGTAGTTTGTACAGTT-3′ 55 MIMAT0035719
let-7i 5′-TGAGGTAGTAGTTTGTGCTGTT-3′ 55 MIMAT0000779
Table 2
List of primary antibodies.
Name Species Dilution Company
BrdU Rat 1:100 Accurate chemical
Chx10 Sheep 1:100 Chemicon
Glast Rabbit 1:200 Abcam
Ki67 Mouse 1:200 BD biosciences
Pax6 Rabbit 1:50 Covance
PKC Mouse 1:100 Santa Cruz biotech
Recoverin Rabbit 1:100 Lifespan biosciences
Rhodopsin Mouse 1:50 Gift
Rx Rabbit 1:50 Gift
Sox9 Rabbit 1:100 Millipore
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pressions were normalized to the house keeping gene GAPDH (for
mRNA) and U6 snRNA (for miRNA).
2.7. Immunoﬂuorescence analysis
Immunoﬂuorescence analysis for speciﬁc proteins and bromo-
deoxyuridine (BrdU) was carried out as previously described (Para-
meswaran et al., 2012). Cryostat tissue sections and cells on cover-
slips and chamber slides were ﬁxed with 4% paraformaldehyde (PFA)
and blocked for 30 min in blocking solution (5% NDS or NGS, and
TritonX-100 (0.4% or 0.2% for nuclear or cytoplasmic staining, re-
spectively), diluted in 1 PBS). Samples were incubated in primary
antibody solutions (speciﬁcations shown in Table 2) overnight at
4 °C. After washing with 1 PBS, samples were incubated with
secondary antibodies (Cy3 or FITC) for 2 h at RT. Samples were
mounted using VectaShield (Vector Labroatories, Burlingame, CA)
and images were taken using a Zeiss AX10 ﬂuorescence microscope
accompanied with AxioVision Rel. 4.8 software. For quantiﬁcation ofthe percentage of speciﬁc cell types in each experiment, the numbers
of cell type-speciﬁc antigen-positive cells were counted in 15 ran-
domly selected ﬁelds in three wells (5 ﬁelds each) of 8-well-chamber
slides or 3 cover slips (5 ﬁelds each).
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Neurospheres cells, differentiated for 5 days, were dissociated
and blocked for 30 min in 1 PBS containing 5% NGS and 0.3%
Saponin. Cells were then exposed to primary antibody for 1 h at RT
followed by 1 h at 4 °C. After washing, cells were incubated with
secondary antibody for 1 h at RT. IgG was used as a negative
control to set the gate of ﬂuorescent activated cell sorting (FACS).
For sorting of GFPþ cells, transduced E18 cells were suspended in
cell sorting buffer (1 HBSS Phenol Red-, 2% FBS, 25 mM HEPES,
1 mM EDTA). The GFPþ and GFP cells were sorted based on the
deﬁned gate, using E18 retinal cells transduced with negative
controls, consisting of lentiviruses without GFP.
2.9. Hoechst dye efﬂux assay
Neurospheres transduced with lentiviruses were dissociated into
single cells and Hoechst dye efﬂux assays were carried out as pre-
viously described (Parameswaran et al., 2014). Neurosphere dis-
sociates were suspended in Hoechst Iscove's Modiﬁed Dulbecco's
Medium (IMDM) supplemented with 2% FBS and 1 mMHEPES at 4 °C
overnight. Cells were stained with Hoechst 33342 (3.0 μg/ml) at 37 °CFig. 1. The temporal expression patterns of let-7 family members correspond with the
members, let-7a, let-7b, and let-7c increased with time during late retinal histogenesis (b
transcripts corresponding to progenitor markers, Rx, Pax6, and Ki67 (B) and regulators
ﬁcation curves and gene expressions were normalized to the house-keeping gene GAPDfor 30 min. Verapamil (100 μM) and propidium iodide (PI) were used
as a negative control and dead cell control, respectively. The SP and
non-SP regions were deﬁned on Hoechst-low and Hoechst–bright,
based on the Hoechst blue and red axes, respectively.
2.10. Statistical analysis
Statistical analysis was performed using unpaired two-tail t-
test or one-way analysis of variance (ANOVA) for pairwise or
multiple group comparisons, respectively (GraphPad Prism Soft-
ware). P values o0.05 were considered signiﬁcant. Tukey's
method for multiple comparisons was used when ANOVA pro-
duced a signiﬁcant P value.3. Results
3.1. Expression of let-7 in the developing retina and late histogenesis
model
To examine the involvement of let-7 during retinal development,
we ﬁrst determined the temporal expression patterns of let-7a, let-7b,generation of late born retinal cells. (A) The expression levels of the let-7 family
ox). (B, C) Their expression levels were inversely and directly correlated with that of
of late born cell, Nrl (RPs), NeuroD4 (BCs), and Glast (MG) (C), respectively. Ampli-
H (for mRNA) and U6 snRNA (for miRNA). Data are mean7s.e.m.
Fig. 2. The in vitro model simulates late retinal histogenesis. (A) A schematic representation of the in vitro model of late retinal histogenesis. (B) There was signiﬁcant
decrease in levels of Rx, Pax6, and Ki67 transcripts and a reciprocal increase in that of let-7a, let-7b, and let-7c, compared to controls after 5DIV in differentiation conditions.
(C) The increase in the expression of let-7 family members correlated with the increase in transcripts corresponding to the regulators of RPs (Nrl), BCs (NeuroD4), and MG
(Sox9). (D) The generation of late born cells was conﬁrmed by immunoreactivities corresponding to RPs (Rhodopsin), BCs (PKC), and MG (Glast). Arrowheads identify cells
expressing cell type-speciﬁc immunoreactivities. The proportion of late born cells after 5DIV is given in (D). Ampliﬁcation curves and gene expressions were normalized to
the house-keeping gene GAPDH (for mRNA) and U6 snRNA (for miRNA). Scale bar, 50 μm (D). Data are mean7s.e.m.
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Fig. 3. let-7 LOF inhibits the generation of late born cells. (A) A schematic representation of the experimental approach; E18 neurospheres were transduced with either let-7
shRNAþGFP or let-7 scrambled shRNAþGFP lentiviruses and subjected to differentiation for 5 DIV. (B) The transduction efﬁciency was examined by the direct observation of
GFP epiﬂuorescence (arrowhead) and FACS analyses. qPCR analyses of GFPþ and GFP cells sorted by FACS after transduction, revealed a signiﬁcant decrease in the
expression of let-7 in GFPþ cells from LOF group, compared to controls, validating the let-7 LOF approach. (C) qPCR analysis of differentiated cells revealed a signiﬁcant
decrease in levels of transcripts corresponding to regulators of RPs (Nrl), BCs (NeuroD4), and MG (Sox9) in let-7 shRNA group versus controls. (D) Lentivirus transduced cells
(GFPþ cells) co-expressed RP (Recoverin)-, BC (Chx10)-, and MG (Sox9)-speciﬁc immunoreactivities (arrowheads) in let-7 shRNA and control groups. (E) Quantiﬁcation of
GFPþ cells co-expressing cell type-speciﬁc immunoreactivities demonstrate a signiﬁcant decrease in the proportions of RPs, BCs, and MG in let-7 shRNA group compared to
controls. Scale bar, 20 μm (B, D). Ampliﬁcation curves and gene expressions were normalized to the house-keeping gene GAPDH (for mRNA) and U6 snRNA (for miRNA). Data
are mean7s.e.m. Experiments were carried out three times in triplicates with 10-14 E18 embryos per group for in vitro perturbation.
X. Xia, I. Ahmad / Developmental Biology 410 (2016) 70–85 75
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family in the CNS (Bak et al., 2008). Their temporal expression patterns
were compared with that of retinal progenitor- and cell type-speciﬁc
regulators to establish a correlation with the maintenance and differ-
entiation of RPCs (Fig. 1). Members of let-7 family examined, with the
exception of let-7c, yielded undetectable expressions at embryonic day
(E) 12, the earliest examined stage of the early histogenesis. The onset
of the expression of other let-7 family members was detected between
E14 and E18, with the exception of let-7g, whose expression was not
detected until PN1. Afterwards, their expression along with that of let-
7c increased steadily, reaching their maximum levels in the adult re-
tina (Fig. 1A, Supplementary Fig. 1). In contrast, levels of transcripts
corresponding to RPC regulators Rx and Pax6, and cell cycle regulator
Ki67, beginning at E12, decreased with time, indicating the progressive
exhaustion of RPCs, as histogenesis neared completion (Fig. 1B). In-
terestingly, the temporal patterns of the let-7 family members' ex-
pression corresponded with temporal increase in the expression of
Rhodopsin, mGluR6, and Glast, transcripts corresponding to the phe-
notype markers of late born cells, RPs, BCs, and MG, respectively
(Mears et al., 2001; Bhattacharya et al., 2004; Derouiche and Rauen,
1995) (Fig. 1C). These observations demonstrated a corresponding
negative and positive correlation of let-7 family members' expression
with the maintenance and differentiation of the retinal progenitors,
respectively, suggesting their functional involvement in late histo-
genesis. Next, we examined this premise in an in vitro model of late
histogenesis, which recapitulated the in vivo generation of late born
cells (Fig. 2). The model consisted of late RPCs, enriched through
neurosphere assay and subjected to differentiation conditions to
generate the late born cells (Fig. 2A). E18 retinal dissociates were
cultured in the presence of FGF2 and a subset of cells generated
neurospheres enriched in BrdUþ/Ki67þ cells that expressed the RPC
regulators, Rx and Pax6 (Supplementary Fig. 2A). The neurospheres
expressed signiﬁcantly higher levels of transcripts corresponding to Rx,
Pax6, and Ki67 than E18 retinal dissociates, demonstrating the en-
richment of RPCs (Supplementary Fig. 2B). Culturing of these cells in
differentiation conditions, led to a prompt decrease in their expression
of Ki67, Rx and Pax6 and a signiﬁcant increase in levels of let-7s versus
controls (Fig. 2B). The decrease and increase in the expression of RPC
regulators and miRNAs, respectively, were accompanied by a sig-
niﬁcant increase in levels of Nrl, NeuroD4, and Sox9 transcripts corre-
sponding to regulators of RPs, BCs, and MG, respectively, compared to
controls (Fig. 2C). Similarly, levels of Rhodopsin, mGluR6, and Glast
transcripts increased, compared to controls (Supplementary Fig. 3A).
The inverse patterns of expression between RPC- and cell type-speciﬁc
genes reﬂected the depletion of RPCs as they differentiated into late
born cells, and the increase in let-7s' expression suggested their in-
volvement in differentiation. Quantiﬁcation of cells immunoreactive
for Rhodopsin, PKC, and Glast revealed proportions of RPs, BCs, and
MG to be approximately 40%, 5%, and 10%, respectively, reﬂecting late
histogenesis in vivo, where RPs are the predominant cells generated
(Cepko et al., 1996; Rapaport et al., 2004) (Fig. 2D). Similar results,
regarding the proportions of the late born cells generated, were ob-
tained with antibodies recognizing additional cell type-speciﬁc mar-
kers (Supplementary Fig. 3B). That the culture conditions were speciﬁc
to the generation of late born cells was demonstrated by the lack of
signiﬁcant differences in levels of transcripts corresponding to those
characterizing early born neurons, Atoh7 (RGCs) and S-opsin (CP)
(Supplementary Fig. 4). Together, these observations validated the in
vitro model of late retinal histogenesis for examining the differentia-
tion of RPCs in the context of let-7 expression.
3.2. Involvement of let-7 in late retinal histogenesis
We used the perturbation of function approach to examine the
involvement of let-7 during late histogenesis. We chose to examine
the involvement of let-7c (henceforth let-7) in particular, as it isthe most abundant of the let-7 family members in the developing
retina (Fig. 1A). Therefore, perturbation of its function was ex-
pected to lead to unambiguous results. Both let-7 loss-of-function
(LOF) and gain-of-function (GOF) approaches were used. In the
LOF approach (Fig. 3A) neurosphere cells were transduced with a
dual-promoter lentivirus that expressed either let-7 shRNAþGFP
(¼LOF group) or let-7 scrambled shRNAþGFP (¼control group)
and cultured in differentiation conditions for 5 days in vitro (DIV).
The efﬁciency of transduction, as measured by GFPþ cells, was
80% (Fig. 3B). qPCR analyses of GFPþ cells, enriched by ﬂuor-
escent activated cell sorting (FACS), revealed 80% decrease in let-
7 levels in the LOF groups, compared to controls, demonstrating
the speciﬁcity of the LOF approach (Fig. 3B). let-7 shRNA also at-
tenuated levels of other let-7 family members (Supplementary
Fig. 5) as expected, given the extensive homology between their
sequences. Examination of transcripts corresponding to regulators
(Nrl, NeuroD4, Sox9) (Fig. 3C) and phenotype-speciﬁc markers
(Rhodopsin, mGluR6, Glast) (Supplementary Fig. 6A) of late born
cells, revealed their levels signiﬁcantly decrease in the LOF group
versus controls. This notion was corroborated at the cellular levels.
Infected RPCs that had undergone differentiation in transduced
neurospheres were identiﬁed as GFPþ cells, co-expressing mar-
kers of late born retinal cells, and quantiﬁed. We observed a sig-
niﬁcant decrease in the proportion of GFPþ cells co-expressing
immunoreactivities corresponding to Recoverin (RPs), Chx10
(BCs), and Sox9 (MG), compared to controls, demonstrating a ne-
gative inﬂuence of let-7 LOF on the differentiation of late born cells
(Fig. 3D and E). Similar results were obtained when GFPþ cells
were examined for the expression of additional markers corre-
sponding to late born neurons (Supplementary Fig. 6B and C). The
quantiﬁcation of differentiation in terms of GFPþ cells revealed a
higher proportion of MG, compared to RPs, contrary to the ex-
pectation of higher numbers of RPs (Fig. 2). The discrepancy was
likely attributed to relatively higher activities of CMV promoter
(which drives GFP expression) in MG than RPs (Matsuda and
Cepko, 2004). This was resolved when differentiated phenotypes
were quantiﬁed independent of GFP expression; the proportion of
each late born cell type was signiﬁcantly lower in the LOF groups,
compared to controls, and the number of RPs across the group was
signiﬁcantly higher (Fig. 4A and B). To demonstrate that these
results were not due to neurosphere culture conditions, we carried
out the let-7 LOF experiment in retinal explants, where cell–cell
interactions that inﬂuence RPCs maintenance and differentiation
are maintained (Sparrow et al., 1990; Parameswaran et al., 2014)
(Fig. 5A). Transduction of E18 retinal explants with either let-7
shRNAþGFP or let-7 scrambled shRNAþGFP lentiviruses led to a
signiﬁcant decrease in let-7 levels (Fig. 5B), accompanied by sig-
niﬁcant decrease in Nrl, NeuroD4, and Sox9 transcript levels in the
LOF groups versus controls (Fig. 5C). The proportion of cells dis-
playing immunoreactivities characteristic of RPs, BCs, and MG in
both GFP-dependent and GFP-independent quantiﬁcation of cell
dissociates were similarly decreased in the LOF groups, compared
to controls, conﬁrming the adverse effects of LOF on differentiation
in retinal explants (Fig. 5E and Supplementary Fig. 7).
Next, to know whether let-7 facilitated differentiation of late
RPCs and to understand the underlying mechanism (see below),
we examined the inﬂuence of ectopic let-7 expression on differ-
entiation. The approach involved transduction of neurospheres/
explants with a dual-promoter lentivirus that expressed let-
7þGFP (¼GOF groups) or scrambled let-7 sequenceþGFP
(¼control groups). The transduction efﬁciency and speciﬁcity was
determined as above (Fig. 6A and B). In contrast to the results
obtained by the LOF approach, the ectopic expression of let-7
signiﬁcantly increased the differentiation of all late born cells in-
cluding MG, as ascertained by signiﬁcant increases in levels of
transcripts corresponding to cell type- speciﬁc regulators and the
Fig. 4. let-7 LOF inhibits the differentiation of late born cells in vitro (GFP-independent quantiﬁcation). (A) Immunoﬂuorescent analysis of cells after 5DIV using two different
cell type-speciﬁc antibodies for each cell type revealed a decrease in cell type-speciﬁc immunoreactivities in let-7 shRNA group, versus controls. (B) Quantiﬁcation revealed a
signiﬁcant decrease in the proportions of cells expressing displaying immunoreactivities corresponding to RPs (Rhodopsin/Recoverin), BCs (PKC/Chx10), and MG (Glast/Sox9)
in let-7 shRNA group, compared to controls. Scale bar, 20 μm (A). Data are mean7s.e.m. Experiments were carried out three times in triplicates with 10-14 E18 embryos per
group for in vitro perturbation.
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(Fig. 6C and D). Similar results were obtained in GOF approach
carried out in the retinal explant model (Supplementary Fig. 8).
Together, these results demonstrated a signiﬁcant involvement of
let-7 in facilitating the differentiation of late RPCs into late born
cells, including MG.
3.3. Involvement of Hmga2 in let-7-mediated regulation of late
histogenesis
To gain insight into the mechanism underlying let-7 inﬂuence on
late retinal histogenesis, we examined the expression patterns of
genes encoding a heterochronic protein Lin28b (Heo et al., 2008;
Viswanathan et al., 2008) and one of the regulators of NSC self-
renewal, Hmga2 (Nishino et al., 2008) in response to let-7 GOF and
LOF (Fig. 7). We have recently demonstrated that Hmga2 regulatesself-renewal of RPCs (Parameswaran et al., 2014) and consequently
its GOF and LOF compromise and accentuate differentiation of RPCs,
respectively (Supplementary Figs. 9 and 10). Lin28 inhibits the
biosynthesis of let-7, whose direct target is the Hmga2 transcripts
(Lee and Dutta, 2007). Together, they constitute a molecular axis
(Lin28b-let-7-Hmga2) for regulating the maintenance of NSCs
(Nishino et al., 2008; Copley et al., 2013) (see Fig. 10). We observed
that there was a reciprocal decrease in levels of transcripts corre-
sponding to Lin28b and Hmga2 and an increase in that of the CDK
inhibitor, P19arf in the GOF group, compared to controls (Fig. 7A).
Evidence suggests that Hmga2-mediated self-renewal of NSCs in-
volves the inhibition of Junb to negatively regulate P19arf/ P16ink4
(Nishino et al., 2008). No change in levels of Junb transcripts was
observed, which might be due to threshold effects observed in GOF
approaches. However, there was a corresponding decrease in levels
of Ki67 and CCND1 transcripts, suggesting a decrease in the
Fig. 5. let-7 LOF compromises the differentiation of late born cells ex vivo. (A) A schematic representation of the experimental approach; E18 retinal explants were transduced with
either let-7 shRNAþGFP or let-7 scrambled shRNAþGFP lentiviruses and cultured in differentiation condition for 10 days. (B) qPCR analysis of lentivirus-transduced explants revealed a
signiﬁcant decrease in let-7 expression in the let-7 shRNA group, compared to controls, validating the LOF approach. (C) qPCR analysis of explants 10DIV revealed a signiﬁcant decrease
in levels of transcripts corresponding to regulators of RPs (Nrl), BCs (NeuroD4), and MG (Sox9) in let-7 shRNA group versus controls. (D) Immunoﬂuorescence analysis of transduced
explants revealed the laminar localization of cell-type speciﬁc immunoreactivities (Recoverin in ONL, Chx10 in INL, and Sox9 in INL), which were relatively lower in let-7 shRNA,
compared to controls. (E) GFP-dependent (insets represent GFPþ cells displaying speciﬁc immunoreactivities, arrows) and GFP-independent quantiﬁcation of dissociated cells from
transduced explants revealed a signiﬁcant decrease in the proportions of cells displaying immunoreactivities corresponding to RPs (Recoverin), BCs (Chx10), and MG (Sox9) in let-7
shRNA group, versus controls. Scale bar, 50 μm (D). Ampliﬁcation curves and gene expressions were normalized to the house-keeping gene GAPDH (for mRNA) and U6 snRNA (for
miRNA). Data are mean7s.e.m. Experiments were carried out three times in triplicates with nine retinae per group for ex vivo perturbation.
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Fig. 6. let-7 GOF facilitates the generation of late born cells in vitro. (A) A schematic representation of the experimental approach; E18 neurospheres were transduced with
either let-7þGFP or scrambled let-7 sequenceþGFP lentiviruses and subjected to differentiation for 5 DIV. (B) The transduction efﬁciency was examined by the direct
observation of GFP epiﬂuorescence (arrowhead) and FACS-based qPCR analyses. qPCR analyses of GFPþ and GFP cells sorted by FACS after transduction revealed a
signiﬁcant increase in the expression of let-7, compared to controls, validating the let-7 GOF approach. (C) qPCR analysis of transduced cells revealed a signiﬁcant increase in
levels of transcripts corresponding to regulators of RPs (Nrl), BCs (NeuroD4), and MG (Sox9) in let-7 group versus controls. (D) GFP-dependent and GFP-independent
quantiﬁcation revealed a signiﬁcant increase in the proportions of cells displaying immunoreactivities corresponding to RPs (Recoverin), BCs (Chx10), and MG (Sox9) in let-7
group, compared to controls. Scale bar, 20 μm (B). Ampliﬁcation curves and gene expressions were normalized to the house-keeping gene GAPDH (for mRNA) and U6 snRNA
(for miRNA). Data are mean7s.e.m. Experiments were carried out three times in triplicates with 10-14 E18 embryos per group for in vitro perturbation.
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Fig. 7. let-7 suppresses the expression of RPC regulatory genes. (A, B) qPCR analysis of RPCs transduced with let-7 (A) and let-7 shRNA (B) lentiviruses displayed signiﬁcantly
lower and higher levels of transcripts corresponding to self-renewing factors (Lin28b, Hmga2), downstream effectors of Hmga2 (JunB, P19), and cell cycle regulators (Ki67,
CCND1), respectively. Ampliﬁcation curves and gene expressions were normalized to the house-keeping gene GAPDH. Data are mean7s.e.m. Experiments were carried out
three times in triplicates with 10-14 E18 embryos per group for in vitro perturbation.
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a signiﬁcant increase in Lin28b, Hmga2, Ki67, and CCND1 transcript
levels and decrease in that of both Junb and P19arf in the LOF group,
compared to controls (Fig. 7B). Taken together, these observations
demonstrated the involvement of the Lin28-let-7-Hmga2 axis and
suggested that let-7 might facilitate differentiation by negatively
regulating Hmga2 and thus the self-renewal of RPCs. This premise
was examined in RPCs cultured in proliferation conditions, where
they are maintained in an undifferentiated state with high levels ofHmga2 expression (Parameswaran et al., 2014). The E18 retinal cells
were divided into three groups based on lentivirus transduction:
control group (Scrambled let-7 sequenceþGFP lentivirus), let-7
group (let-7þGFP lentivirus), and let-7þΔHmga2 group (let-7þGFP
and ΔHmga2 (with 3′UTR deletion) lentivirus). Since ΔHmga2 lacks
the 3′UTR that contains the seed sequence for let-7 recognition, the
virally transduced Hmga2 is refractory to let-7-mediated degrada-
tion (Nishino et al., 2008; Parameswaran et al., 2014) (Fig. 8A and B).
The transduced cells were cultured in the presence of FGF2 for
Fig. 8. let-7 negatively regulates RPC maintenance by targeting Hmga2. (A) A schematic representation of the experimental approach; E18 retinal dissociates were trans-
duced with scrambled let-7 sequenceþGFP (control group), let-7þGFP (let-7 group), or let-7þGFP and ΔHmga2þGFP (ΔHmga2 group) lentiviruses and subjected to neu-
rosphere assay for 5 days. (B) qPCR analysis of neurospheres revealed decreased Hmga2 transcript levels in the let-7 group, compared to controls, which were signiﬁcantly
increased in the ΔHmga2 group validating the assay. (C) The number and size of neurospheres, which decreased in the let-7 group, compared to controls, recovered
signiﬁcantly in the ΔHmga2 group. (D) The proportions of GFPþKi67þ/Pax6þ cells, which decreased in the let-7 group, were recovered in the ΔHmga2 group. Insets
(D) represent cell dissociates of neurospheres for quantiﬁcation purposes. Arrowheads identify transduced cells (GFPþ cells), displaying Ki67/Pax6 immunoreactivities.
(E) The number of SP cells, which reduced in the let-7 group, was restored in the ΔHmga2 group. Scale bar, 50 μm (C, D). Ampliﬁcation curves and gene expressions were
normalized to the house-keeping gene GAPDH. Data are mean7s.e.m. Experiments were carried out three times in triplicates with 10-14 E18 embryos per group for in vitro
perturbations.
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crease in the number and size of neurospheres, demonstrating re-
duced proliferation in the let-7 group, compared to controls
(Fig. 8C). However, the negative inﬂuence of ectopic expression of
let-7 on neurosphere generation was abrogated in the presence of
ΔHmga2. A similar restorative effect of ΔHmga2 in the presence of
let-7 was observed on the proliferative properties of RPCs. For ex-
ample, the proportions of GFPþ cells expressing Ki67/Pax6, which
signiﬁcantly decreased in the let-7 group, compared to controls,
increased in the presence of ΔHmga2 (Fig. 8D). Similarly, when we
examined effects of the functional perturbations on the retinal side
population (SP) cells, a phenotype of RPCs (Bhattacharya et al.,
2003; Parameswaran, et al., 2014), we observed 2-fold decrease in
their number in the let-7 group, which was restored to that in the
control group in the presence of ΔHmga2 (Fig. 8E). Next, we ex-
amined the expression levels of known let-7 targets, which are in-
volved in the proliferation and maintenance of neural progenitors,
in addition to Hmga2. These included Lin28, CCND1, Insulin-Like
Growth Factor 2 mRNA Binding Protein 1 (Imp1) and Tlx. Imp1 is
known to stabilize the expression of self-renewal genes, including
Hmga2 (Nishino et al., 2013) and Tlx, which encodes an orphan
nuclear receptor that regulates progenitor proliferation (MiyawakiFig. 9. let-7-mediated inhibition of Hmga2 negatively inﬂuences RPC regulators in prolif
decrease in levels of transcripts corresponding to Lin28b, Imp1, Tlx, CCND1, Rx, Pax6, a
transcripts, compared to controls. The decreased transcript levels corresponding to R
recovered in the ΔHmga2 group. Levels of JunB transcripts remained unchanged in the l
Ampliﬁcation curves and gene expressions were normalized to the house-keeping ge
triplicates with 10-14 E18 embryos per group for in vitro perturbations.et al., 2004). We observed that the let-7 group had signiﬁcantly
decreased transcript levels corresponding to Lin28, CCND1, Imp1,
and Tlx versus controls. The inhibitory effect of let-7 on their ex-
pression was mitigated in the presence of ΔHmga2, with the ex-
ception of Tlx (Fig. 9). In correspondence with the restoration of the
expression of regulators of progenitors, the expression of RPC
markers, Rx, Pax6, and Ki67 increased and that of Junb and P19arf
decreased in the presence of ΔHmga2, compared to those in the let-
7 groups. Together, these observations suggested Hmga2 serves as
an important node in mediating let-7 effects by inﬂuencing multiple
regulators of RPCs, including Lin28b and Imp1.
The remarkable inhibitory effects of let-7 on factors that maintain
RPCs suggested that ectopic let-7 expression might facilitate their
differentiation even in proliferative conditions. To test this premise, we
ﬁrst examined the expression of markers of generic neurons and glia
in neurospheres. A signiﬁcant increase in transcripts corresponding to
immature neuronal marker, NFL, and glial marker, GFAP, was observed
in the let-7 group compared to its respective control (Fig. 10A). When
we examined the expression of regulators of late born retinal cells, we
observed that the ectopic expression of let-7 signiﬁcantly induced the
expression of NeuroD4 (BCs) and Sox9 (MG), but not that of Nrl (RPs),
as compared to controls (Fig. 10A). The effects of let-7 oneration conditions. qPCR of transduced neurospheres (Fig. 8a) revealed a signiﬁcant
nd Ki67 in the let-7 group, with a concomitant increase in the expression of P19
PCs regulators and the increase of P19 transcript levels, except that of Tlx, were
et-7 group, but signiﬁcantly decreased in the ΔHmga2 group, compared to controls.
ne GAPDH. Data are mean7s.e.m. Experiments were carried out three times in
Fig. 10. let-7-mediated inhibition of Hmga2 promotes differentiation in proliferation conditions. (A) Levels of transcripts corresponding to markers of generic neurons (NFL)
and glia (GFAP) and regulators of BCs (NeuroD4) and MG (Sox9) signiﬁcantly increased in the let-7 group after 5DIV in proliferation conditions, compared to controls. Their
levels were signiﬁcantly decreased in the presence of ΔHmga2. Levels of transcripts corresponding to regulator of PRs (Nrl) remained unchanged in the let-7 group, but
signiﬁcantly decreased in the ΔHmga2 group, compared to controls. (B) A schematic representation of let-7-mediated regulation of RPCs to facilitate differentiation: the
stemness of the RPCs is maintained by high levels of Hmga2 and Lin28 and low levels of let-7. During late retinal histogenesis, let-7 levels increase, which negatively
regulates the expression of Hmga2/Lin28b (and also Imp1 and Tlx), by targeting their transcripts. Low levels of Hmga2/Lin28b and high levels of let-7 in RPCs shift the
balance from their self-renewal to commitment, facilitating their differentiation into late born neurons and glia. In addition, let-7 may function at the levels of committed
precursors, targeting transcripts corresponding to factors (x) that are inhibitory to differentiation. Ampliﬁcation curves and gene expressions were normalized to the house-
keeping gene GAPDH. Data are mean7s.e.m. Experiments were carried out three times in triplicates with 10-14 E18 embryos per group for in vitro perturbations.
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Together, these observations suggested that let-7 facilitated differ-
entiation by negatively inﬂuencing Hmga2-mediated maintenance of
late RPCs (Fig. 10B).4. Discussion
The development of the retina in particular and the CNS in
general involves progression through distinct stages; criticalamongst them, is the stage when the progenitors transition from
generating neurons, to differentiating along the glial lineage.
However, the mechanism underlying this transition remains
poorly understood. Recent evidence suggests that let-7 and its
negative regulator Lin28, represent the conserved molecular axis
that may regulate the progression of progenitors through succes-
sive stages during histogenesis in the CNS. For example, in an in
vitro model of neural development using the mouse P19 cells, it
was observed that Lin28 expression was preferentially associated
with the generation of neurons and incompatible with gliogenesis
X. Xia, I. Ahmad / Developmental Biology 410 (2016) 70–8584(Balzer et al., 2010). The differential effect of Lin28 on neuroglio-
genesis was found to be independent of let-7. In contrast, Patter-
son et al. (2014) examined neural progenitors isolated from either
human pluripotent cells or fetal tissues and observed that let-7,
alone, could regulate the fate of neural progenitors along neuronal
and glial lineages. Moreover, they observed that let-7 inﬂuenced
the divergent fate through Hmga2, contrary to the notion that it
regulates self-renewal of progenitors (Nishino et al., 2013; Rehfeld
et al., 2015). Cimadamore et al. (2013) using neural progenitors
isolated from human embryonic stem (ES) cells demonstrated that
let-7b and let-7i inhibited the differentiation of neurons by tar-
geting the proneural transcripts, Ascl1. Whether or not let-7b/let-7i
inﬂuenced the differentiation of the progenitors along the glial
lineage was not reported. Recently, Shenoy et al. (2005) using glial
progenitors derived from mouse ES cells demonstrated that the
loss of gliogenesis observed when these cells lack the miRNA
processing protein Dgcr8 could be rescued by misexpressing let-7.
Thus, the exact role of let-7 in neurogliogenesis remains vague,
presumably due to the diverse cell lines and culture conditions
used to decipher it. Therefore, we examined let-7 role in primary
culture of RPCs and in retinal explants in the backdrop of retinal
development. We observed that during retinal development, the
expression of let-7 coincided with the shift from the early to late
retinal histogenesis, which occurs between E16 and E18. This is the
time most likely when under the incipient expression of let-7 few
late RPCs began to differentiate, as demonstrated by low levels of
transcripts corresponding to the late born cells. In the in vitro
model of late retinal histogenesis, wherein RPCs choose between
neuronal and MG fates, we observed that let-7 did not play an
instructive role. When induced to differentiate, late RPCs promptly
up-regulated let-7 and generated late born neurons and MG.
However, when let-7 expression was perturbed, RPCs differentia-
tion along neuronal and glial lineages was similarly compromised
or enhanced. For example, let-7 LOF led to a signiﬁcant decrease in
the number of both neurons (RPs and BCs) and MG in the neu-
rosphere and explant assays. The lack of the inﬂuence of let-7 on
neuronal versus glial differentiation that we found is comparable
to those observed in the primary culture of embryonic or adult
mouse neural progenitors (Zhao et al., 2010, 2013; Ni et al., 2014).
Within the caveat of the in vitro model system, our results suggest
two propositions: 1) let-7 acts as a general facilitator of differ-
entiation, and 2) let-7 plays a role more upstream of the me-
chanism of differentiation, at the levels of progenitors' commit-
ment. Therefore, our results are compatible with the model where
the onset of let-7 expression heralds the shift in the balance from
the maintenance of RPCs to their differentiation.
The role of let-7 in regulating the maintenance of progenitors in
neural and extra-neural tissues is well known (Büssing et al., 2008;
Kawahara et al., 2012). Our observations suggest a similar role for
let-7 during late retinal histogenesis. For example, the expression
of let-7 is inversely correlated with indices of stem cells, such as
cell proliferation, expression of progenitor markers, and SP cell
phenotype. Furthermore, let-7 alone is sufﬁcient to promote RPC
differentiation in conditions that favors their maintenance. The
profound inﬂuence of let-7 on RPCs is likely due to its unique
position in the regulatory hierarchy, as some of the most promi-
nent targets of let-7 are transcripts corresponding to stem cell
regulators, Lin28 (Moss and Tang, 2003; Nelson et al., 2004),
Hmga2 (Nishino et al., 2008, Parameswaran et al., 2014), Imp1
(Nishino et al., 2013), and Tlx (Zhao et al., 2010). These regulatory
transcripts are expressed in RPCs in the developing retina and a
decrease in their levels or translational efﬁciency is likely to ad-
versely affect RPC maintenance. In fact, there is a temporal decline
in their expression, including that of Imp1 and Tlx (data not
shown), during retinal development in correlation with the ex-
haustion of RPCs. Among these, Hmga2 is likely the key target oflet-7 for negatively regulating RPCs to facilitate differentiation. For
example, not only Hmga2 expression was inversely correlated with
let-7 expression and differentiation, the expression of ΔHmga2
effectively neutralized let-7-mediated differentiation and rescued
RPCs from inhibition. Furthermore, Hmga2 was associated with
decreased expression of Junb and P19arf in RPCs as observed in
NSCs, where it was demonstrated that Hmga2-Junb-dependent
decrease in P19arf/P16ink4a levels enhanced their self-renewal
(Nishino et al., 2008). It is quite likely that, besides Hmga2, let-7
may inﬂuence RPC maintenance by negatively regulating Lin28/
Imp1/Tlx/CCND1. However, our observations suggest that Hmga2
may occupy a critical node in a network of regulatory transcripts
targeted by let-7, where a decrease in Hmga2 levels adversely af-
fects others, such as those corresponding to Lin28, Imp1, and
CCND1. For example, ΔHmga2 rescued levels of Lin28/Imp1/CCND1
transcripts attenuated by the ectopic let-7 expression. In the let-7
regulatory network, some of the targets, such as Tlx, may operate
independent of Hmga2, as a parallel mechanism, evolved to ensure
critical developmental function, such as the self-renewal of pro-
genitors. The redundancy built in to ensure critical development
function may include let-7-independent regulatory network, in-
teracting in unison with let-7-dependent one. For example, it has
been recently observed that the let-7-independent self-renewing
effects of Lin28 also involve Hmga2, where Hmga2 transcripts are
stabilized in response to interactions of Lin28 with Imp1, thereby
increasing levels of Hmga2 protein (Yang et al., 2015).
In summary, during late retinal histogenesis, the temporal increase
in let-7 expression, initiated with decrease in the levels of Lin28
transcripts, progressively shifts the balance from the maintenance of
RPCs to their cell commitment (Fig. 10B). The mechanism involved is
likely the let-7-mediated inhibition of the regulators of RPCs' stemness,
particularly Hmga2. Additionally, let-7 may inﬂuence a relatively
downstream axis at the levels of committed precursors by targeting
the negative regulators (X¼unknown) of differentiation, which is
currently being investigated.Conﬂict of interest
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